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Membrane morphologies induced by mixtures of arc-shaped particles with
opposite curvature
Francesco Bonazzi,a Carol K. Hall,b and Thomas R. Weikl a
Biological membranes are shaped by various proteins that either generate inward or outward membrane curvature. In this article, we
investigate the membrane morphologies induced by mixtures of arc-shaped particles with coarse-grained modeling and simulations.
The particles bind to the membranes either with their inward, concave side or their outward, convex side and, thus, generate membrane
curvature of opposite sign. We find that small fractions of convex-binding particles can stabilize three-way junctions of membrane
tubules, as suggested for the protein lunapark in the endoplasmic reticulum of cells. For comparable fractions of concave-binding and
convex-binding particles, we observe lines of particles of the same type, and diverse membrane morphologies with grooves and bulges
induced by these particle lines. The alignment and segregation of the particles is driven by indirect, membrane-mediated interactions.
1 Introduction
The intricately curved shapes of biological membranes are induced
and maintained by a variety of proteins1–4. The arc-shaped BAR
domain proteins, for example, induce membrane curvature by
binding to membranes5–9. Different BAR domain proteins bind to
membranes either with their inward curved, concave side or with
their outward bulged, convex side and, thus, impose membrane
curvature of opposite sign9–11. Spherical and tubular membrane
shapes only exhibit curvature of one sign and can be induced by
a single type of proteins12–15. Three-way junctions of tubules, in
contrast, contain membrane segments with curvatures of different
sign16,17 and are induced and stabilized by several proteins18,19.
The ubiquitous three-way junctions of tubules in the endoplasmic
reticulum (ER) are stabilized by the protein lunapark17,20,21, while
the tubules of the ER are generated by reticulon and REEP pro-
teins13,19,22. The protein lunapark presumably induces a mem-
brane curvature that is opposite to the tubular curvature generated
by reticulon and REEP proteins17.
In this article, we investigate the membrane morphologies in-
duced by mixtures of arc-shaped particles that can either bind
with their inward curved, concave side (“concave particles") or
with their outward bulged, convex side (“convex particles"). In
our coarse-grained model of membrane shaping, the membrane
is described as a triangulated elastic surface, and the particles as
segmented arcs. In previous Monte Carlo (MC) simulations23, we
found that the membrane morphologies induced by concave par-
ticles are determined by the arc angle and membrane coverage of
the particles. At membrane coverages that exceed about 40%, con-
cave particles induce membrane tubules, irrespective of their arc
angle. In MC simulations with mixtures of concave and convex
particles, in contrast, we observe a large variety of morphologies
that depends on the relative coverage of the different types of par-
ticles. If the membrane coverage of concave particles greatly ex-
ceeds the coverage of convex particles, we either find single mem-
brane tubules or three tubules connected by a three-way junction.
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The few convex particles cluster at the three-way junctions and ap-
pear to stabilize the junction, or distort the single tubules locally.
For larger fractions of convex particles, we observe lines of convex
particles segregated from lines of concave particles, and membrane
morphologies with grooves and bulges induced by these lines. The
alignment and segregation of the convex and concave particles is
driven by indirect, membrane-mediated interactions24–27 because
the direct particle-particle interactions are purely repulsive in our
model. A similar alignment and segregation has been previously
observed in simulations with mixtures of arc-shaped inclusions of
opposite curvature28.
2 Methods
2.1 Model
We model the membrane as a discretized closed surface. The
bending energy of a closed continuous membrane without spon-
taneous curvature is the integral Ebe = 2κ
∮
M2 dS over the mem-
brane surface with local mean curvature M.29 We use the standard
discretization of the bending energy for triangulated membrane
described in refs. 30, 31 and choose as typical bending rigidity
the value κ = 10kBT .32 Our discretized membranes are composed
of nt = 5120 triangles. The edge lengths of the triangles are kept
within an interval [am,
√
3am], and the area of the membrane is con-
strained to A0 ' 0.677nta2m to ensure the near incompressibility of
lipid membranes.33 The strength of the harmonic constraining po-
tential is chosen such that the fluctuations of the membrane area
are limited to less than 1%. The enclosed volume is unconstrained
to enable a wide range of membrane morphologies with different
volume-to-area ratios.
The discretized particles in our model are linear chains of 3 to 5
identical planar quadratic segments, with an angle of 30◦ between
neighboring segments that share a quadratic edge.23 The arc angle
of the particles, i.e. the angle between the first and last segment,
then adopts the values 60◦, 90◦, 120◦ for particles composed of
3, 4, and 5 segments respectively. Each planar segment of a par-
ticle interacts with the nearest triangle of the membrane via the
particle-membrane adhesion potential23
Vpm =±U fr(r) fθ (θ) (1)
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Fig. 1 Time sequence of morphologies for a mixture of concave and convex particles with arc angle 60◦. The numbers indicate simulation times in
units of 106 MC steps per membrane vertex. At time t = 0, the membrane has a spherical shape, and all particles are unbound. In this simulation, the
adhesion energy per particle segment is U = 11kBT , the total number of concave, orange particles is 320, and total number of convex, blue particles
is 80. Only membrane-bound particles are shown in the MC snapshots. In the final morphology, 243 out of the 320 concave particles and 79 out of
the 80 convex particles are bound, which leads to membrane coverages of xorange = 0.37 and xblue = 0.12 of the particles. The reduced volume of the
membrane in the final morphology is v= 0.76.
Here, r is the distance between the center of the segment and the
center of the nearest triangle, θ is the angle between the nor-
mals of the particle segment and this membrane triangle, and
U > 0 is the adhesion energy per particle segment. The distance-
dependent function fr is a square-well function that adopts the
values fr(r) = 1 for 0.25am < r < 0.75am and fr(r) = 0 otherwise.
The angle-dependent function fθ is a square-well function with
values fθ (θ) = 1 for |θ |< 10◦ and fθ (θ) = 0 otherwise. By conven-
tion, the normals of the membrane triangles are oriented outward
from the enclosed volume of the membrane, and the normals of
the particle segments are oriented away from the center of the
particle arc. For a negative sign in Eq. (1), the particles bind with
their inward curved, concave surface to the membrane (“concave
particles"). For a positive sign in Eq. (1), the particles bind with
their outward bulged, convex surface to the membrane (“convex
particles"). The overlapping of particles is prevented by a purely
repulsive hard-core interaction that only allows distances between
the centers of the planar segments of different particles that are
larger than ap. The hard-core area of a particle segment thus is
pia2p/4. We choose the value ap = 1.5am for the linear size of the
planar particle segments. The particle segments then are slightly
larger than the membrane triangles with minimum side length am,
which ensures that different particle segments bind to different tri-
angles.
2.2 Simulations
We have performed Metropolis Monte Carlo (MC) simulations in
a cubic box with periodic boundary conditions. The simulations
consist of four different types of MC steps: membrane vertex trans-
lations, membrane edge flips, particle translations, and particle
rotations.23 Vertex translations enable changes of the membrane
shape, while edge flips ensure membrane fluidity.34 In a vertex
translation, a randomly selected vertex of the triangulated mem-
brane is translated along a random direction in three-dimensional
space by a distance that is randomly chosen from an interval be-
tween 0 and 0.1am. In a particle translation, a randomly selected
particle is translated in random direction by a random distance
between 0 and am. In a particle rotation, a randomly selected
particle is rotated around a rotation axis that passes trough the
central point along the particle arc. For particles that consist of
3 or 5 segments, the rotation axis runs through the center of the
central segments. For particles composed of 4 segments, the rota-
tion axis runs through the center of the edge that is shared by the
two central segments. The rotation axis is oriented in a random
direction. The random rotations are implemented using quater-
nions35,36 with rotation angles between 0 and a maximum angle
of about 2.3◦. Each of these types of MC steps occur with equal
probabilities for single membrane vertices, edges, or particles.23
We have run simulations with identical arc angles of either 60◦,
90◦, or 120◦ of the concave and convex particles. The overall num-
ber of concave and convex particles in our simulations is 400, and
the initial shape of the membrane is spherical, with all particles
unbound. For particles with arc angles of 60◦ and 90◦, we have
run simulations with 8,20,40,80,160,240, and 320 convex particles
out of 400 particles in total. The adhesion energy per segment is
identical for the concave and convex particles in these simulations
and has the value U = 9,10,11,12, or 13kBT . In the case of 8 or
20 convex particles, we have also run simulations with U = 14 or
15kBT . The membrane and particles are enclosed in a cubic sim-
ulation box of volume Vbox ' 1.26 · 105a3m. To verify convergence,
we divide the last 107 MC steps per vertex of a simulation into ten
intervals of 106 steps and calculate the reduced volume v of the
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Fig. 2 Representative converged morphologies for mixtures of concave and convex particles with arc angle 60◦. The morphologies are ar-
ranged in ascending order of the membrane coverage of convex, blue particles, which increases from top left to bottom right as xblue =
0.01,0.01,0.03,0.06,0.06,0.06,0.12,0.13,0.21,0.24,0.24,0.24,0.27,0.33,0.36,0.36, and 0.37. The membrane coverage of concave, orange particles is
xorange = 0.48,0.49,0.45,0.43,0.44,0.44,0.38,0.30,0.28,0.28,0.27,0.27,0.19,0.17,0.17,0.16, and 0.08 from top left to bottom right, and the reduced vol-
ume of the membrane is v = 0.53,0.52,0.63,0.72,0.62,0.74,0.75,0.81,0.82,0.81,0.81,0.82,0.82,0.81,0.81,0.81, and 0.83. The morphologies result from
simulations with an initially spherical membrane and the adhesion energy per particle segment U = 10,13,11,10,13,12,12,9,10,12,11,13,10,11,13,12,
and 11kBT . The overall number of bound and unbound concave particles is 392,392,380,360,360,360,320,240,240,240,240,240,160,160,160,160, and
80 in these simulations. The total number of concave and convex particles is 400 in all simulations.
membrane for each interval. We take a simulation to be converged
if the standard deviation of the 10 averages of v for the last 10
intervals of 106 MC steps is smaller than 0.03. The morphologies
obtained from converged simulations correspond to metastable or
stable states. For the adhesion energies U ≥ 9kBT per particle seg-
ment considered here, the total membrane coverage by concave
and convex particles after convergence is on average larger than
40% for the chosen box size Vbox and total particle number 400 of
our simulations. For total coverages larger than 40%, the mem-
branes are fully covered by particles. For smaller adhesion ener-
gies ofU = 6,7, or 8kBT , the membranes are only partially covered
by the particles after convergence, with average total membrane
coverages of 2.3%, 13%, and 29%, respectively. For all adhesion
energies, intermediate morphologies with partial particle coverage
occur in our simulations at early time points prior to convergence,
because the particles are initially unbound (see e.g. Fig. 1).
3 Results
3.1 Particles with arc angles of 60◦
Fig. 1 illustrates the segregation and alignment of particles with arc
angle 60◦ in a simulation with 320 concave, orange and 80 convex,
blue particles. All particles are initially unbound in this simulation.
After a simulation time of t = 0.1 ·106 MC steps per membrane ver-
tex, relatively few particles are bound. Some of the bound convex,
blue particles are aligned side-to-side in groups of two or three par-
ticles, and some of the bound concave, orange particles are aligned
in pairs. The alignment of particles of the same type is driven by
indirect, membrane-mediated interactions24–27 because the direct
particle-particle interactions are purely repulsive in our model. Af-
ter a simulation time of 106 MC steps per vertex, bound convex,
blue particles form continuous lines or grooves along the mem-
brane, and the membrane bulges between these grooves are more
sparsely covered by concave, orange particles. The overall cover-
age of the membrane by particles then increases with time, and
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Fig. 3 Time sequence of morphologies for a mixture of many concave and few convex particles with arc angle 90◦. The numbers indicate simulation
times in units of 106 MC steps per membrane vertex. At time t = 0, the membrane has spherical shape, and all particles are unbound. In this simulation,
the adhesion energy per particle segment isU = 10kBT , the total number of concave, orange particles is 392, and total number of convex, blue particles
is 8. Only membrane-bound particles are shown in the MC snapshots. In the final morphology, 206 out of the 392 concave particles and all 8 convex
particles are bound, which leads to membrane coverages of xorange = 0.42 and xblue = 0.016 of the particles. The reduced volume of the membrane in
the final morphology is v= 0.49.
the membrane bulges between the grooves of single lines of con-
vex particles are eventually covered by two or three partly irregu-
lar lines of concave particles. During the simulation, the reduced
volume v = 6
√
piV/A3/2 ≤ 1 of the closed membrane with area A
and volume V decreases from values close to 1 to a final value of
v= 0.76. The reduced volume is a measure for the volume-to-area
ratio of the closed membrane37 and adopts its maximum value of
1 for an ideal sphere.
The final, converged membrane morphologies depend on the
relative coverages of concave and convex particles (see Fig. 2).
Membranes that are predominantly covered with concave, orange
particles as in the first two morphologies of Fig. 2 adopt a tubular
shape. Concave particles with an arc angle of 60◦ induce a transi-
tion from a spherical to a tubular membrane shape at a coverage
of about 0.4 in the absence of convex particles.23 In the first two
morphologies, the coverage of concave particles is xorange = 0.48
and 0.49, respectively, while the coverage of convex particles is
xblue = 0.01. At these small coverages, the convex particles are
bound as single particles or pairs in between the concave particles
and do not distort the overall tubular shape of the membrane. At
the coverage xblue = 0.03 of the third morphology of Fig. 2, the
tubular shape of the membrane is distorted by a larger cluster of
convex, blue particles. At the larger coverages xblue of the remain-
ing morphologies of Fig. 2, the convex particles form lines along
the membrane. If the coverage xorange of the concave particles ex-
ceeds the coverage xblue of the convex particles, the membrane
morphologies exhibit grooves of single lines of convex particles,
and bulges covered by several lines of concave particles in between
these grooves. For a coverage xorange of concave particles that is
smaller than the coverage xblue of convex particle, grooves are also
formed by two parallel lines of convex particles, while bulges in the
between the groves can be covered by single lines of concave par-
ticles. The particle lines need to branch or end because the closed
membrane vesicle cannot be covered by regular, parallel lines of
particles.
3.2 Particles with arc angles of 90◦ and more
In the absence of convex particles, concave particles with arc an-
gles of 90◦ induce tubules covered by four lines of particles at mem-
brane coverages larger than about 0.4.23 For mixtures of many
concave and few convex particles, we observe branched tubule
structures as in Fig. 3, with small clusters of convex particles at
a three-way junction as branching point. In the simulation of Fig.
3, the number of convex particles is 8, and the total number of
bound and unbound concave particles is 392. The bound concave
and convex particle have a rather strong tendency to align side-
to-side with particles of the same type due to indirect, membrane-
mediated interactions. At the simulation time t = 1 · 106 MC steps
per membrane vertex, bound concave particles form short lines,
while convex particles are bound as single particles or in pairs. At
time t = 4 · 106 MC steps per vertex, a line of 5 convex particle is
formed. This linear cluster of 5 convex particle remains until time
t = 17 · 106 MC steps per vertex and eventually gains a sixth con-
vex particle at time t = 22 · 106 MC steps. From time t = 4 · 106 to
t = 22 · 106 MC steps per vertex, more and more concave particles
bind to the membrane by elongating lines of particles, and these
particle lines eventually lead to three tubules protruding from a
three-way junction at which the small cluster of convex particles is
located.
The first three of the final, converged morphologies shown in
Fig. 4 result from simulations with same total numbers of 392 con-
cave and 8 convex particles with arc angle 90◦ as in the simula-
tion of Fig. 3. In all three morphologies, the 8 convex particles
are bound, which leads to the membrane coverage xblue = 0.016 of
these particles. In the first morphology, the 8 convex particles are
bound in a cluster of 4 particles, a cluster of 3 particles, and as a
single particle, and induce a distortion or twist in the overall tubu-
lar structure induced by the many bound concave particles. In the
second and third morphology, the 8 convex particles are bound in
two clusters of 4 particles and a single cluster of 8 particles, respec-
tively, which are located at a three-way junction as in Fig. 3. At the
larger membrane coverages xblue = 0.04 of convex particles in the
morphologies 4 to 7 of Fig. 4, a tubular protrusion is formed at one
end of the closed membrane by bound concave particles, while the
remaining membrane is covered by lines of convex and concave
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Fig. 4 Representative converged morphologies for mixtures of concave and convex particles with arc angle 90◦. The morphologies
are arranged in ascending order of the membrane coverage of convex, blue particles, which increases from top left to bottom right as
xblue = 0.016,0.016,0.016,0.04,0.04,0.04,0.04,0.08,0.08,0.16,0.16,0.16,0.30,0.31, and 0.32. The membrane coverage of concave, orange parti-
cles is xorange = 0.43,0.43,0.42,0.40,0.41,0.39,0.39,0.37,0.37,0.33,0.33,0.33,0.22,0.22, and 0.21, and the reduced volume of the membrane is v =
0.50,0.50,0.52,0.54,0.49,0.56,0.54,0.56,0.57,0.69,0.71,0.67,0.73,0.70, and 0.71. The morphologies result from simulations with an initially spherical
membrane and the adhesion energy per particle segment U = 13,12,14,9,14,13,15,11,13,11,10,12,10,11, and 12kBT . The overall number of bound
and unbound concave particles is 392,392,392,380,380,380,380,360,360,320,320,320,240,240, and 240 in these simulations. The total number of con-
cave and convex particles is 400 in all simulations.
particles that induce grooves and bulges. In the remaining mor-
phologies of Fig. 4, the membrane is covered by alternating and
locally parallel lines of convex and concave particles. Grooves are
typically formed by single lines of convex particles, while bulges
are covered by either one line or by two parallel lines of concave
particles, depending on the relative coverages of the two particle
types.
For mixtures of concave and convex particles with an arc angle
of 120◦, we observe a temporal ordering in the binding of the two
particle types to an initially spherical membrane (see Fig. 5). At
the simulation time t = 0.1 · 106 MC steps per vertex, only convex
particles are bound, and these particles are partially bound with
typically one or two of the five segments of which the particles are
composed. The partially bound convex particles are not yet aligned
and deform the initially spherical membrane only rather slightly.
At the simulation time t = 1 ·106 MC steps per vertex, the majority
of bound convex particles is fully bound and tightly aligned, which
leads to rather deep grooves on the vesicle membrane, and the first
concave particles bind to the bulges emerging adjacent to these
groves. At time t = 10 ·106 MC steps per vertex, small linear clusters
of concave particles form on the bulges, which eventually grow and
coalesce into a single spiral of concave particles that is intertwined
with a spiral of convex particles.
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time = 0.1 1 10 16 41
Fig. 5 Time sequence of morphologies for a mixture of concave and convex particles with arc angle 120◦. The numbers indicate simulation times in
units of 106 MC steps per membrane vertex. In this simulation, the adhesion energy per particle segment is U = 9kBT , the total number of concave,
orange particles is 359, and total number of convex, blue particles is 41. In the final morphology, 88 out of the 359 concave particles and 40 out of 41
convex particles are bound, which leads to membrane coverages of xorange = 0.22 and xblue = 0.10 of the particles. The reduced volume of the membrane
in the final morphology is v= 0.69.
4 Discussion and Conclusions
The arc-shaped particles of our model generate membrane curva-
ture by imposing their shape on the membrane upon binding23.
The arrangements of these particles on the membranes are essen-
tially unaffected by the membrane discretization because the parti-
cles are not embedded in the membrane. In other models of mem-
brane shaping24,38–41, curvature-inducing particles and proteins
have been described as nematic objects embedded on the vertices
of a triangulated membrane42,43, as curved chains of beads em-
bedded in a two-dimensional sheet of beads that represents the
membrane28,44,45, as curved chains of spheres adhered to a tri-
angulated membrane46, or as coarse-grained proteins or particles
in molecular dynamics simulations.27,47–54 Proteins can generate
membrane curvature via different mechanisms.1–4,55 Arc-shaped
scaffolding proteins impose curvature on the membrane by bind-
ing to the lipid bilayer,7,8 transmembrane proteins with a conical
or wedged shape induce a curvature on the lipid bilayer that sur-
rounds the proteins,26,56 and hydrophobic protein motifs that are
partially inserted into the lipid bilayer can act as wedges to gener-
ate membrane curvature.57–59
A central parameter for membrane shaping is the induced cur-
vature angle of the particles or proteins.23,60 For our arc-shaped
particles, the induced angle of the curved membrane segments to
which the particles are bound is close to the arc angle of the par-
ticles,23 which varies here from 60◦ to 120◦. Arc angles of 60◦
roughly correspond to the angle enclosed by concave-binding BAR
domain proteins such as the Arfaptin BAR domain and the en-
dophilin and amphiphysin N-BAR domains,10,11 while larger arc
angles up to 180◦ have been postulated for reticulon scaffolds.60,61
The structural details of the curvature generation by transmem-
brane proteins such as reticulon and lunapark proteins are not fully
known,54 in contrast to soluble scaffold proteins such as BAR do-
mains. Besides reticulon and lunapark proteins, the generation of
the tubular membrane network of the endoplasmic reticulum also
requires atlastin proteins, which appear to generate tubular junc-
tions by tethering and fusing tubules62–64.
The membrane morphologies induced by mixtures of concave
and convex particles depend on the relative coverage of these par-
ticles, besides the particles’ arc angle. For mixtures of few convex
and many concave particles with arc angles of 90◦, we either find
single membrane tubules as in the first morphology of Fig. 4, or
three tubules connected by a three-way junction as in Fig. 3 and
in the second and third morphology of Fig. 4. These morphologies
are formed in simulations with 8 convex and 392 concave particles
in total. We have run 7 simulations with these particle numbers for
the adhesion energies per segmentU = 9, 10, 11, 12, 13, 14, and 15,
respectively. In 5 of these 7 simulations, three-way junctions are
formed. The few convex particles are bound and clustered in mem-
brane regions of the three-way junction in which the curvature is
opposite to the curvature of the tubules that emerge from the junc-
tion. The convex particles thus appear to stabilize three-way junc-
tions as suggested for lunapark proteins, which presumably prefer
membrane curvature opposite to the tubular curvature.17 For par-
ticles with arc angles of 60◦, we do not observe the formation of
three-way junctions. One reason may be that the tubes formed by
concave particles with an arc angle of 60◦ are thicker than tubes
induced by concave particles with arc angle 90◦.23 For the same
membrane area, tubes formed by concave particles with arc angle
60◦ therefore are shorter, and the finite membrane area in our sim-
ulations may impede morphologies with three such thicker tubules
emerging from a three-way junction. Another reason is that a few
convex particles with arc angle 60◦ lead to rather small perturba-
tions of the tubules induced by many concave particles, see the
first two morphologies in Fig. 2. The convex particles with arc an-
gle 60◦ thus are less ‘disruptiveâA˘Ÿ for the tubules, compared to
convex particles with arc angle 90◦.
For comparable fractions of concave and convex particles, we
observe lines of particles of the same type. Lines of convex par-
ticles induce membrane grooves, and adjacent, locally parallel
lines of concave particles induce bulges next to these grooves. In
these lines, the particles are oriented side-to-side. The side-to-
side alignment and segregation of the concave and convex par-
ticles is driven by indirect, membrane-mediated interactions be-
cause the direct particle-particle interactions are purely repulsive
in our model. The segregation patterns of particle lines are remi-
niscent of the stripe morphologies observed for modulated phases
and microphase separation65, which arise from a competition of
short-range attractive and long-range repulsive interactions. Here,
the segregation into lines of convex and concave particles results
from an interplay of particle composition and membrane curva-
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ture. The segregation into alternating lines of concave and convex
particles appears to be favourable at sufficiently large adhesion
energies, because the membrane vesicle can be rather densely cov-
ered by the particles of the alternating lines. In addition, there is
no line tension between clusters of different particles as driving
force for full segregation into two domains of concave and convex
particles because of the purely repulsive direct particle-particle in-
teractions in our model. A caveat is that the converged morpholo-
gies observed in our simulations correspond to metastable or stable
states and, thus, not necessarily to equilibrium states.
In previous work, both side-to-side and tip-to-tip alignment
of arc-shaped proteins or particles at membranes has been re-
ported. Attractive membrane-mediated side-to-side pair inter-
actions of arc-shaped particles have been obtained from energy
minimization66. Side-to-side alignment has also been observed
in simulations with arc-shaped inclusions in membranes28,44,45.
In molecular dynamics (MD) simulations with a coarse-grained
molecular model of N-BAR domains proteins on DLPC lipid vesi-
cles, in contrast, a tip-to-tip alignment of proteins has been ob-
served48,67, which may be affected by the direct, coarse-grained
protein-protein interactions of the model. A tip-to-tip alignment
has also been reported for MD simulations with a coarse-grained
model of I-BAR domains53 and for coarse-grained MD simulations
of arc-shaped nanoaparticles on lipid vesicles at large adhesion en-
ergies of the nanoparticles51. At these large adhesion energies, the
nanoparticles are partially wrapped by the membrane, which leads
to saddle-like membrane curvature around nanoparticles that may
cause side-to-side repulsion. At smaller adhesion energies, the arc-
shaped nanoparticles induce membrane curvature only along their
arcs and align side-to-side, similar to our arc-shaped particles. In
simulations with mixtures of arc-shaped and conical inclusions in
membranes, the tubulation caused by the arc-shaped particles has
been found to be accelerated if the conical inclusions induce cur-
vature of the same sign, and suppressed if the conical inclusions
induce curvature of opposite sign45. For mixtures of arc-shaped
inclusions with opposite curvatures, adjacent lines of the different
particles have also been observed at overall relatively low densities
of the particles28.
The morphologies in our simulations result from an interplay
of the bending energy of the membrane and the overall adhesion
free energy of the particles. In these simulations, the membranes
are tensionless because the volume enclosed by the membrane is
not constrained, in order to allow for a wide range of morpholo-
gies with different volume-to-area ratios. In general, the bend-
ing energy dominates over the membrane tension σ on length
scales smaller than the characteristic length
√
κ/σ , which adopts
values between 100 and 400 nm for typical tensions σ of a few
µN/m68–70 and typical bending rigidities κ between 10 and 40
kBT .32,71 Our results thus hold on length scales smaller than this
characteristic length. In contrast, the overall membrane morphol-
ogy on length scales larger than
√
κ/σ depends on the membrane
tension14,50,72.
Conflicts of interest
There are no conflicts to declare.
Acknowledgements
Financial support from the Deutsche Forschungsgemeinschaft
(DFG) via the International Research Training Group 1524 “Self-
Assembled Soft Matter Nano-Structures at Interfaces" is gratefully
acknowledged.
Notes and references
1 Y. Shibata, J. Hu, M. M. Kozlov and T. A. Rapoport, Annu. Rev.
Cell Dev. Biol., 2009, 25, 329–354.
2 M. M. Kozlov, F. Campelo, N. Liska, L. V. Chernomordik, S. J.
Marrink and H. T. McMahon, Curr. Opin. Cell Biol., 2014, 29,
53–60.
3 H. T. McMahon and E. Boucrot, J. Cell Sci., 2015, 128, 1065–
1070.
4 T. Baumgart, B. R. Capraro, C. Zhu, S. L. Das, S. R. Leone,
P. S. Cremer, J. T. Groves and M. A. Johnson, Annu. Rev. Phys.
Chem., 2011, 62, 483–506.
5 K. Takei, V. I. Slepnev, V. Haucke and P. De Camilli, Nat. Cell
Biol., 1999, 1, 33–39.
6 B. J. Peter, H. M. Kent, I. G. Mills, Y. Vallis, P. J. G. Butler, P. R.
Evans and H. T. McMahon, Science, 2004, 303, 495–499.
7 Y. Rao and V. Haucke, Cell. Mol. Life Sci., 2011, 68, 3983–3993.
8 C. Mim and V. M. Unger, Trends Biochem Sci., 2012, 37, 526–
533.
9 M. Simunovic, E. Evergren, A. Callan-Jones and P. Bassereau,
Annu. Rev. Cell. Dev. Biol., 2019, 35, 111–129.
10 B. Qualmann, D. Koch and M. M. Kessels, Embo J., 2011, 30,
3501–3515.
11 M. Masuda and N. Mochizuki, Semin. Cell Dev. Biol., 2010, 21,
391–398.
12 A. Frost, R. Perera, A. Roux, K. Spasov, O. Destaing, E. H. Egel-
man, P. De Camilli and V. M. Unger, Cell, 2008, 132, 807–817.
13 J. Hu, Y. Shibata, C. Voss, T. Shemesh, Z. Li, M. Coughlin,
M. M. Kozlov, T. A. Rapoport and W. A. Prinz, Science, 2008,
319, 1247–1250.
14 Z. Shi and T. Baumgart, Nat. Commun., 2015, 6, 5974.
15 B. Daum, A. Auerswald, T. Gruber, G. Hause, J. Balbach,
W. Kühlbrandt and A. Meister, J. Struct. Biol., 2016, 194, 375–
382.
16 J. Guven, G. Huber and D. M. Valencia, Phys. Rev. Lett., 2014,
113, 188101.
17 S. Chen, T. Desai, J. A. McNew, P. Gerard and P. J. Novick, Proc.
Natl. Acad. Sci. USA, 2015, 112, 418–423.
18 S. Chen, P. Novick and S. Ferro-Novick, Nat. Cell Biol., 2012,
14, 707–716.
7
NOTES AND REFERENCES NOTES AND REFERENCES
19 N. Wang and T. A. Rapoport, J. Cell Sci., 2019, 132, jcs227611.
20 D. S. Schwarz and M. D. Blower, Cell. Mol. Life Sci., 2016, 73,
79–94.
21 Y. Cui, S. Parashar, M. Zahoor, P. G. Needham, M. Mari, M. Zhu,
S. Chen, H.-C. Ho, F. Reggiori, H. Farhan, J. L. Brodsky and
S. Ferro-Novick, Science, 2019, 365, 53–60.
22 G. K. Voeltz, W. A. Prinz, Y. Shibata, J. M. Rist and T. A.
Rapoport, Cell, 2006, 124, 573–586.
23 F. Bonazzi and T. R. Weikl, Biophys. J., 2019, 116, 1239–1247.
24 T. R. Weikl, Annu. Rev. Phys. Chem., 2018, 69, 521–539.
25 T. Idema and D. J. Kraft, Curr. Opin. Colloid Interface Sci., 2019,
40, 58–69.
26 R. Phillips, T. Ursell, P. Wiggins and P. Sens, Nature, 2009, 459,
379–385.
27 B. J. Reynwar, G. Illya, V. A. Harmandaris, M. M. Müller, K. Kre-
mer and M. Deserno, Nature, 2007, 447, 461–464.
28 H. Noguchi and J.-B. Fournier, Soft Matter, 2017, 13, 4099–
4111.
29 W. Helfrich, Z. Naturforsch. C, 1973, 28, 693–703.
30 F. Jülicher, J. Phys. II, 1996, 6, 1797–1824.
31 A. H. Bahrami, R. Lipowsky and T. R. Weikl, Phys. Rev. Lett.,
2012, 109, 188102.
32 R. Dimova, Adv. Colloid Interface Sci., 2014, 208, 225–234.
33 R. Lipowsky, M. Brinkmann, R. Dimova, T. Franke, J. Kierfeld
and X. Zhang, J. Phys.: Condens. Matter, 2005, 17, S537—
S558.
34 G. Gompper and D. Kroll, J. Phys. - Condens. Mat., 1997, 9,
8795–8834.
35 D. Frenkel and B. Smit, Understanding molecular simulation:
from algorithms to applications, Academic Press, San Diego,
2nd edn, 2002, vol. 1.
36 F. J. Vesely, J. Comput. Phys., 1982, 47, 291–296.
37 U. S. Seifert, K. Berndl and R. Lipowsky, Phys. Rev. A, 1991, 44,
1182–1202.
38 N. Ramakrishnan, R. P. Bradley, R. W. Tourdot and R. Radhakr-
ishnan, J. Phys.-Condes. Matter, 2018, 30, 273001.
39 M. Simunovic, P. Bassereau and G. A. Voth, Curr Opin Struct
Biol, 2018, 51, 99–105.
40 S. J. Marrink, V. Corradi, P. C. T. Souza, H. I. Ingólfsson, D. P.
Tieleman and M. S. P. Sansom, Chem. Rev., 2019, 119, 6184–
6226.
41 A. E. Hafner, J. Krausser and A. Saric, Curr. Opin. Struct. Biol.,
2019, 58, 43–52.
42 N. Ramakrishnan, P. B. S. Kumar and J. H. Ipsen, Biophys. J.,
2013, 104, 1018–1028.
43 R. W. Tourdot, N. Ramakrishnan and R. Radhakrishnan, Phys.
Rev. E, 2014, 90, 022717.
44 H. Noguchi, J. Chem. Phys., 2015, 143, 243109.
45 H. Noguchi, Soft Matter, 2017, 13, 7771–7779.
46 S. C. J. Helle, Q. Feng, M. J. Aebersold, L. Hirt, R. R. Gruter,
A. Vahid, A. Sirianni, S. Mostowy, J. G. Snedeker, A. Saric,
T. Idema, T. Zambelli and B. Kornmann, eLife, 2017, 6,
e30292.
47 A. Arkhipov, Y. Yin and K. Schulten, Biophys. J., 2009, 97,
2727–2735.
48 M. Simunovic, A. Srivastava and G. A. Voth, Proc. Natl. Acad.
Sci. USA, 2013, 110, 20396–20401.
49 A. R. Braun, M. M. Lacy, V. C. Ducas, E. Rhoades and J. N.
Sachs, J. Am. Chem. Soc., 2014, 136, 9962–9972.
50 M. Simunovic and G. A. Voth, Nat. Commun., 2015, 6, 7219.
51 A. D. Olinger, E. J. Spangler, P. B. S. Kumar and M. Laradji,
Faraday Discuss., 2016, 186, 265–275.
52 C. Anselmi, K. M. Davies and J. D. Faraldo-Gómez, J. Gen. Phys-
iol., 2018, 150, 763–770.
53 Z. Jarin, F.-C. Tsai, A. Davtyan, A. J. Pak, P. Bassereau and G. A.
Voth, Biophys. J., 2019, 117, 553–562.
54 R. M. Bhaskara, P. Grumati, J. Garcia-Pardo, S. Kalayil,
A. Covarrubias-Pinto, W. Chen, M. Kudryashev, I. Dikic and
G. Hummer, Nat. Commun., 2019, 10, 2370.
55 J. Zimmerberg and M. M. Kozlov, Nat. Rev. Mol. Cell Biol., 2006,
7, 9–19.
56 S. Aimon, A. Callan-Jones, A. Berthaud, M. Pinot, G. E. S.
Toombes and P. Bassereau, Dev. Cell, 2014, 28, 212–218.
57 F. Campelo, H. T. McMahon and M. M. Kozlov, Biophys. J.,
2008, 95, 2325–39.
58 E. Boucrot, A. Pick, G. Çamdere, N. Liska, E. Evergren, H. T.
McMahon and M. M. Kozlov, Cell, 2012, 149, 124–136.
59 O. Kahraman, R. Langen and C. A. Haselwandter, Sci. Rep.,
2018, 8, 16383.
60 Y. Schweitzer, T. Shemesh and M. M. Kozlov, Biophys. J., 2015,
109, 564–573.
61 Y. Shibata, T. Shemesh, W. A. Prinz, A. F. Palazzo, M. M. Kozlov
and T. A. Rapoport, Cell, 2010, 143, 774–788.
62 S. Wang, H. Tukachinsky, F. B. Romano and T. A. Rapoport,
eLife, 2016, 5, e18605.
8
NOTES AND REFERENCES NOTES AND REFERENCES
63 J. Hu, Y. Shibata, P.-P. Zhu, C. Voss, N. Rismanchi, W. A. Prinz,
T. A. Rapoport and C. Blackstone, Cell, 2009, 138, 549–561.
64 G. Orso, D. Pendin, S. Liu, J. Tosetto, T. J. Moss, J. E. Faust,
M. Micaroni, A. Egorova, A. Martinuzzi, J. A. McNew and
A. Daga, Nature, 2009, 460, 978–983.
65 M. Seul and D. Andelman, Science, 1995, 267, 476–483.
66 Y. Schweitzer and M. M. Kozlov, PLoS Comput. Biol., 2015, 11,
e1004054.
67 M. Simunovic, A. Saric, J. M. Henderson, K. Y. C. Lee and G. A.
Voth, ACS Central Sci., 2017, 3, 1246–1253.
68 R. Simson, E. Wallraff, J. Faix, J. Niewohner, G. Gerisch and
E. Sackmann, Biophys. J., 1998, 74, 514–522.
69 G. Popescu, T. Ikeda, K. Goda, C. A. Best-Popescu, M. Laposata,
S. Manley, R. R. Dasari, K. Badizadegan and M. S. Feld, Phys.
Rev. Lett., 2006, 97, 218101.
70 T. Betz, M. Lenz, J.-F. Joanny and C. Sykes, Proc. Natl. Acad.
Sci. USA, 2009, 106, 15320–15325.
71 J. F. Nagle, Faraday Discuss., 2013, 161, 11–29.
72 R. Lipowsky, Faraday Discuss., 2013, 161, 305–331.
9
